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BACKGROUND:Agricultural use of antimicrobials in subtherapeutic concentrations is increasing in response to the rising demand for food animal prod-
ucts worldwide. In India, the use of antimicrobials in food animal production is unregulated. Research suggests that many clinically important antimi-
crobials are used indiscriminately. This is the largest study to date in India that surveys poultry production to test for antimicrobial resistance and the
occurrence of extended-spectrum b-lactamases (ESBLs) modulated by farming and managerial practices.

OBJECTIVES: Our goal was to survey poultry production for resistance to eleven clinically relevant antimicrobials and phenotypic occurrence of
ESBLs as modulated by farming and managerial practices.

METHODS: Eighteen poultry farms from Punjab were surveyed, and 1,556 Escherichia coli isolates from 530 birds were tested for susceptibility to 11
antimicrobials using the disk diffusion method and validated using VITEK 2 (bioMérieux, Marcy-L’Étoile, France). Samples from 510 of these birds
were phenotypically tested for ESBL production using the combination disk method and confirmed using VITEK 2. Generalized linear mixed models
were used to infer differences in resistance profiles associated with different farming practices and facility types.

RESULTS: Resistance profiles were significantly different between broiler and layer farms. Broiler farms were 2.2 [ampicillin (AMP), p=0:017] to 23
[nalidixic acid (NX), p<0:001] times more likely to harbor resistant E. coli strains than layer farms. Adjusting for farm type (broiler vs. layer), the
odds of resistance (although not statistically significant) to all antimicrobials except nitrofurantoin (NIT) were higher in independent facilities (IUs) as
compared to contracted facilities (CFs). Increased prevalence of multidrug resistance (MDR; 94% compared to 60% in layers), including prevalence
of ESBL-producing strains (87% compared to 42% in layers), was observed in broiler farms.

CONCLUSIONS: Our findings suggest that unregulated use of clinically relevant antimicrobials in Indian broiler and layer farms may contribute to the
emergence of resistance and support the need to curb the nontherapeutic use of medically important antimicrobials in food animal production. https://
doi.org/10.1289/EHP292

Introduction
Medically important antimicrobials are used extensively in food
animal production for disease prevention (e.g., prophylaxis
and metaphylaxis), treatment, and growth promotion. It is esti-
mated that two-thirds of antimicrobials produced globally are
consumed in the livestock sector (CDDEP 2015). Numerous
studies suggest that the widespread use of agricultural antimicro-
bials contributes to increased clinical resistance to antimicrobials
(Chang et al. 2015; Marshall and Levy 2011; Silbergeld et al.
2008). Since antimicrobials are routinely added to animal feeds,
bacterial populations are repeatedly exposed to subtherapeutic
doses ideal for the emergence and spread of antimicrobial resist-
ance (Chang et al. 2015; Marshall and Levy 2011; Silbergeld

et al. 2008; You and Silbergeld 2014). Nearly every class of anti-
microbial is used in agriculture, including many closely related to
clinically relevant antimicrobials, such as penicillins, cephalospo-
rins, fluoroquinolones, tetracyclines, sulfonamides, and amino-
glycosides (Marshall and Levy 2011; Schwarz et al. 2001;
Silbergeld et al. 2008). The extensive use of antimicrobials in
agriculture results in human exposure to antimicrobial-resistant
bacteria via direct and indirect pathways. These include exposure
via direct contact with livestock or contaminated food products,
indirect gene transfer across bacterial species, and the wide-
spread release of antimicrobial-resistant pathogens into the
environment (Silbergeld et al. 2008). This raises serious human
health concerns, since the occurrence of cross-resistance
between antimicrobials of the same class is highly likely.

The use of antimicrobials in subtherapeutic concentrations is
increasing in response to heightened demand for food animal
products worldwide, particularly in South and Southeast Asia,
due to rising incomes (Teillant et al. 2015; Van Boeckel et al.
2015). The global average annual consumption of antimicrobials
in food animals was conservatively estimated in 2010 to be
63,151 (± 1,560) tons. In chickens, this corresponds to a con-
sumption of antimicrobials per kilogram of animal produced of
approximately 148 Mg � kg−1 (Van Boeckel et al. 2015). Global
antimicrobial consumption in food animal production is expected
to rise by 67% by 2030, driven primarily by BRICS (Brazil,
Russia, India, China, and South Africa) countries shifting to
large-scale, intensive farming operations where antimicrobials
are used routinely in subtherapeutic doses. Antimicrobial con-
sumption in food animal production in India is projected to grow
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by 312%, a concerning development further compounded by
India’s status as the largest consumer of antimicrobials of humans
(Van Boeckel et al. 2014, 2015).

A recent study of antimicrobial residues in chicken meat sold
for human consumption in New Delhi, India, found that of the 70
chicken meat samples tested, 40% contained antimicrobial resi-
dues (Sahu and Saxena 2014). The most common antimicrobials
detected were enrofloxacin (20%), ciprofloxacin (14.3%), doxy-
cycline (14.3%), oxytetracycline (11.4%), and chlortetracycline
(1.4%). The high use of fluoroquinolones detected is particularly
concerning, given the importance of this broad-spectrum agent in
human clinical medicine. Fluoroquinolones were banned for vet-
erinary use in poultry in the United States in 2005 in response to
numerous studies linking its use in treating respiratory diseases in
poultry to the emergence and spread of fluoroquinolone resist-
ance in humans and animals (Endtz et al. 1991; Nelson et al.
2007). In 2006, the European Union banned the use of antimicro-
bials for growth promotion in food animals in response to evi-
dence suggesting growth promoters drove the emergence and
spread of resistance (European Commission 2005).

In light of evidence of antimicrobial use in Indian poultry
production and the projected 312% increase in agricultural
antimicrobial consumption over the next 15 years, this study
seeks to understand the prevalence of resistance [and, in partic-
ular, extended-spectrum b-lactamase (ESBL) production] in
Escherichia coli and other Enterobacteriaceae in poultry and
how farm operational and managerial practices in poultry pro-
duction influence resistance emergence. Previous studies
reported a high prevalence of ESBL-producing Enterobacte-
riaceae in poultry production (Dierikx et al. 2013b, 2013a;
Kar et al. 2015; Laube et al. 2013). Moreover, ESBL-pro-
ducing pathogens are resistant to numerous antimicrobials
and are associated with longer hospital stays and other nega-
tive clinical outcomes in humans (Lautenbach et al. 2001).
Specifically, this study investigates how resistance profiles
vary between broiler and layer farms, between independent
(IUs) and contracted facilities (CFs), and among farms
reporting antimicrobial use (including for growth promotion)
and those that do not.

This study compares various farm (i.e., broiler vs. layer) and
facility types (i.e., contracted vs. independent), as these are the
primary types of poultry operations in Punjab. Additionally, past
research has reported that broiler farms tend to use more antimi-
crobials and harbor a higher level of resistance than layer farms
(van den Bogaard et al. 2002). Higher antimicrobial usage in
broilers is reasonable, considering the need to sustain rapid
growth of chickens over short periods of time (∼ 35–50 days),
whereas layer farms typically use fewer antimicrobials to sustain
consistent egg production over longer periods of time (∼ 52–
56weeks). Moreover, unlike independent facilities, contracted
farms are owned by large-scale poultry producers and follow a
strict production process established by the producer, wherein all
input materials (e.g., day-old chicks, feed, antimicrobials, etc.)
are supplied by the contracting firm. Contracted farms are obli-
gated to adhere to all instructions and protocols from the con-
tracting firm. Given the differences in farming practices among
these types of operations, it is necessary to understand how resist-
ance prevalence varies to appropriately target policy interven-
tions where they would have the greatest impact.

Materials and Methods

Sampling Protocol
Eighteen poultry farms (nine layers and nine broilers) were ran-
domly selected from a list of farms provided by Guru Angad Dev

Veterinary and Animal Sciences University (GADVASU),
Ludhiana, Punjab, India. Layer and broiler farming operations
were categorized as CFs or IUs, based on the nature of their con-
tractual agreements with large-scale poultry producers. In this
cross-sectional design, all samples were collected over a 5-month
period from July to November 2014. All farms were located
within six districts across the state of Punjab, India.

Sixty cloacal swabswere collected from30birds selectedat ran-
dom (two swabs per bird) fromeach farmand transported to the lab-
oratory for isolation of E. coli (three isolates per bird) and other
Enterobacteriaceae (one isolate per bird) for phenotypic detection
of ESBLs.Only 20 birdswere sampled from thefirst layer farmvis-
ited due to extreme heat causing danger to the health of the birds and
only a single swab could be collected from each bird. Putative
ESBL-producing Enterobacteriaceae were not isolated from these
samples. Thus, 530 birds (n=530) were sampled for general sus-
ceptibility testing of E. coli, and 510 birds (n=510) were sampled
for ESBL-producing Enterobacteriaceae. Since three E. coli iso-
lates were sampled per bird, a total of 1,556 viable E. coli isolates
(n=1,556) were tested for susceptibility against 11 antimicrobials
covering a range of clinically relevant antimicrobial classes (tetra-
cyclines, cephalosporins, quinolones, fluoroquinolones, penicil-
lins, carbapenems, aminoglycosides, sulfonamides, and so on)
(Figure 1).

After sampling was complete, a 30-min structured interview
covering sanitation, disease control, and antimicrobial use prac-
tices was conducted with each farm manager (see Supplemental
Material, Survey). All protocols used to sample isolates from ani-
mals in this study were humane and approved by the Institutional
Animal Care and Use Committee at Princeton University.
Informed consent was obtained from all farmers participating in
interviews, and the survey protocol was approved by the
Institutional Ethics Committee at the Public Health Foundation
of India.

Microbiological Methodology
Cloacal swabs were transported in a Cary-Blair transport medium
(HiMedia, Mumbai, India) on ice to the laboratory for bacterial
isolation. One swab from each bird was cultured on selective
MacConkey Lactose agar (HiMedia, Mumbai, India), while the
other was inoculated in a selective pre-enrichment broth [trypti-
case soy broth supplemented with 1 mg/L cefotaxime (CTX)]
(HiMedia, Mumbai, India) [Diederen et al. 2012; Dierikx et al.
2013b, 2013a; EFSA Panel on Biological Hazards (BIOHAZ)
2011]. Both were incubated at 37�C under aerobic conditions for
20–24 hours.

Isolation of Escherichia coli for susceptibility testing. Three
well-isolated E. coli-like colonies (pink, doughnut-shaped) were
selected at random from the MacConkey Lactose agar plate and
subcultured on three separate Eosin Methylene Blue (HiMedia,
Mumbai, India) agar plates at 37�C under aerobic conditions for
20–24 hours (Corry et al. 2011). Selecting bacterial isolates with-
out selection for a specific resistance profile will detect only the
most prevalent flora; thus, resistance at low levels may not be
detected (Aarestrup et al. 2001). Subsequently, a single, well-
isolated colony with the metallic-green sheen characteristic of E.
coli on Eosin Methylene Blue from each plate was subcultured
onto three separate trypticase soy agar (HiMedia, Mumbai, India)
plates and incubated for 20–24 hours at 37�C under aerobic con-
ditions for the isolation of pure cultures.

A single, well-isolated colony from each trypticase soy agar
plate was then suspended in 5 mL of trypticase soy broth and
incubated at 37�C until the inoculum achieved 0.5 McFarland
standard (≥0:10D at 620 nm). Isolates were confirmed as E. coli
by using HiIMViC biochemical test kits (HiMedia, Mumbai,
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India). Susceptibility to 11 drugs was tested using the Kirby-
Bauer disk diffusion methodology (Clinical and Laboratory
Standards Institute 2013a, 2013b) (see Table S1 for zone diame-
ter breakpoints). All 11 antimicrobial disks used for susceptibility
testing: ampicillin (AMP), gentamicin (GEN), ciprofloxacin
(CIP), nitrofurantoin (NIT), co-trimoxazole (COT), tetracycline
(TE), cefuroxime (CXM), imipenem (IPM), nalidixic acid (NX),
chloramphenicol (C), and ceftriaxone (CTR) (HiMedia, Mumbai,
India), were subjected to weekly quality control tests using the
standard strain E. coli ATCC 25922 (HiMedia, Mumbai, India).

Isolation of ESBL-producing Enterobacteriaceae for pheno-
typic confirmation. Following incubation, the second cloacal
sample, which was inoculated in trypticase soy broth supple-
mented with 1 mg/L CTX (HiMedia, Mumbai, India), was vor-
texed and subcultured onto MacConkey agar supplemented with
1 mg/L CTX [Diederen et al. 2012; Dierikx et al. 2013b, 2013a;
EFSA Panel on Biological Hazards (BIOHAZ) 2011]. After incu-
bation for 20–24 hours at 37�C under aerobic conditions, a single,
lactose-fermenting (pink-red) colony was then subcultured onto
trypticase soy agar and incubated for 20–24 hours at 37�C under
aerobic conditions for the isolation of pure colonies.

A single, well-isolated colony was then suspended in 5 mL of
trypticase soy broth and incubated at 37�C until the inoculum
achieved 0.5 McFarland standard (≥0:10D at 620 nm). Species
identity was confirmed using HiIMViC biochemical test kits.
Phenotypic ESBL production was tested using the combination
disk method using CTX, cefotaxime–clavulanic acid (CEC),
ceftazidime (CAZ), and ceftazidime–clavulanic acid (CAC)
(Clinical and Laboratory Standards Institute 2013b; Dierikx et al.
2013b, 2013a). All antimicrobial disks were subjected to weekly
quality control tests using the standard strain E. coli ATCC
25922, as well as an ESBL-positive Klebsiella pneumoniae
isolate.

Isolate storage and quality assurance testing. All isolates
were inoculated in trypticase soy broth supplemented with 30%
glycerol (v/v) (HiMedia, Mumbai, India) in cryovials and stored
at −80�C for further analysis and quality assurance testing. All
347 putative ESBL-producing Enterobacteriaceae isolates (i.e.,
isolates that exhibited growth on MacConkey agar supple-
mented with CTX) and 540 E. coli isolates for general suscep-
tibility testing were sent to SRL Diagnostics at Fortis Hospital,
Noida, Uttar Pradesh, India, for quality assurance by a separate
team of researchers at an independent laboratory accredited by

the National Accreditation Board for Testing and Calibration
Laboratories, Government of India.

Of these isolates, all putative ESBL-producing and 395
(∼ 25% of total sample size, selected at random) E. coli isolates
underwent species identification and susceptibility testing using
VITEK 2 (bioMérieux, Marcy-L’Étoile, France). Species identifi-
cation was confirmed using GN ID cards (bioMérieux, Marcy-
L’Étoile, France) capable of identifying more than 150 fermenta-
tive and nonfermentative gram-negative bacilli. Antimicrobial
susceptibility and phenotypic detection of ESBL production was
confirmed using AST N280 cards (bioMérieux, Marcy-L’Étoile,
France), which test susceptibility to the following drugs: amika-
cin, amoxicillin–clavulanic acid, ampicillin, cefepime, cefopera-
zone, sulbactam, ceftriaxone, cefuroxime, ciprofloxacin, colistin,
ertapenem, gentamicin, imipenem, meropenem, nalidix acid,
nitrofurantoin, piperacillin tazobactam, tigecycline, and trime-
thoprim/sulfamethoxazole (i.e., COT). Thus, this procedure
provided quality assurance for 9 of the 11 drugs tested in this
study (excluding chloramphenicol and tetracycline) as well as
phenotypic detection of ESBL activity.

Statistical Analysis
Generalized linear mixed models with a logit link function were
used to model the resistance profiles against farm and facility
type for each antimicrobial, where the outcome for each isolate
was classified as either resistant or susceptible. Isolates classified
as intermediate were considered resistant for these analyses.
Logistic regression models using the state of each isolate as a bi-
nary outcome (combining intermediate and resistant as nonsus-
ceptible) with farm and facility type as the explanatory variables
were used to model resistance profiles modulated by farming
practices (i.e., farm or facility type). For each antimicrobial, the
odds of an isolate being nonsusceptible were computed against
farm and facility type. Since birds within a farm were likely to be
treated similarly, random effects were incorporated in each model
to account for similar resistance profiles within farms. Using the
model parameters estimated from the logistic regression models,
we derived prediction estimates (along with 95% prediction inter-
vals using diagonal elements of the variance–covariance matrix
of the predicted means and the estimated variance of the random
intercept) for the population-based probability of resistant strains
in isolates from randomly sampled broiler or layer farms, given
the type of facility (contracted or independent).

Figure 1. Sampling framework depicting differences between on-farm and in-laboratory sampling protocols.
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Chi-square tests of independence were employed to test the
difference in prevalence of ESBL-producing Enterobacteriaceae
strains among farm types. Of the 11 antimicrobials tested in the
study, the number of antimicrobials to which an isolate was clas-
sified as resistant was computed for every isolate. Since the
number of antimicrobials did not follow a normal distribution, a
categorical variable describing multidrug resistance was con-
structed with four levels [0= susceptible, 1= singly-resistant,
2− 4=moderatelymultidrug resistant ðMDRÞ, >4= extremelyMDR].
This multidrug resistance categorical variable was analyzed
against farm (broiler vs. layer) and facility (independent vs.
contracted) types using a proportional odds logistic regression
model in order to account for the severity of resistance.
Predicted probabilities for multidrug resistance were computed
using the estimated parameters from the ordinal logistic
regression model.

The resistance prevalence on farms that reported use of anti-
microbials for growth promotion compared to those that did not
was analyzed using logistic regression models with a random
intercept for each farm. Adjusting for farm type (broiler vs.
layer), ordinal logistic regressions were employed to understand
the association of antimicrobial growth promoter (AGP) usage
with multidrug resistance. Finally, a random effects logistic
regression, adjusted for farm type, was used to analyze the asso-
ciation of AGP usage with the presence of ESBL-positive
strains.

Sensitivity analyses were implemented to understand the
effects of treating intermediate isolates as susceptible instead of
resistant. Logistic regression models were employed to estimate
the odds of resistance prevalence in broiler farms as compared to
layer farms for each antimicrobial. Additionally, logistic regres-
sion models, stratified by farm type, were used to estimate the
effect of farm size (in terms of number of birds) on resistance
prevalence to each antimicrobial. All statistical analyses were
carried out in R (version 3.2.1; R Foundation for Statistical
Computing).

Results

Summary of Survey Results
Table S2 summarizes survey responses from 16 of the 18 farms
sampled; two farms did not provide responses to detailed survey
questions. In total, we sampled nine broiler farms (three con-
tracted, six independent) and nine layer farms (three contracted,
six independent). The average number of birds on each farm was
57,324 (interquartile range= 12,000–40,000). Of the farms that
elected to participate in the survey, all 16 reported using antimi-
crobials for disease treatment and prevention, while 12 (67%)
reported using antimicrobials for growth promotion. Table S3
reports purpose of antimicrobial use disaggregated by farm and
facility type. Tetracyclines and fluoroquinolones were the most
commonly reported antimicrobials used, with nine (56%) farms
reporting their use.

Overall prevalence of resistant Escherichia coli in
Poultry Farms
The overall prevalence of resistance in the 1,556 E. coli isolates
was analyzed across all farm (broiler vs. layer) and facility (con-
tracted vs. independent) types. Percentages of isolates classified
as susceptible, intermediate, or resistant were used to summarize
resistance prevalence overall and disaggregated by farm and fa-
cility type (Table S4). A high prevalence of E. coli resistant to
NX (86.1%), TE (47.0%), AMP (43.8%), COT (42.2%), and CIP
(39.4%) was observed. The degree of resistance to TE, NX,

AMP, and COT was consistently high across all farm and facility
types. However, resistance to CIP was detected at high levels
only in broiler farms. No resistance to IPM was detected among
any of the farms.

Quality Assurance Validation Results
Resistance profiles of isolates against antimicrobials common to
both datasets were compared. Validation analysis reveals that the
original analysis conservatively underestimated the prevalence of
CIP resistance by ∼ 15–20% across various farm and facility
types (Figure 2). For all other antimicrobials, the validation anal-
ysis reveals either no differences or differences only in the classi-
fication of isolates being susceptible vs. intermediate.

Resistance Profiles Modulated by Farming Practices
Figure 3A shows the odds ratio (OR) of resistance against each
antimicrobial in broiler farms as compared to layer farms,
adjusted for type of facility (contracted or independent). It is evi-
dent that for all antimicrobials, except NIT, the odds of finding a
resistant isolate in broiler farms was at least two times greater
than in layer farms (See also Table S6). Specifically, odds of
E. coli resistant to antimicrobials, such as NX and CIP, was more
than 10 times higher in broiler farms. Independent facilities had a
significantly higher risk of E. coli resistant to C and NX as com-
pared to contracted facilities, adjusted for farm type (Figure 3B).
The results suggest that the odds of resistance (although not sig-
nificant) to all antimicrobials tested, except NIT were higher in
independent facilities.

This model was further used to estimate the population aver-
age probabilities of the occurrence of E. coli strains resistant or
susceptible to each antimicrobial across all farm and facility types
(Figure 4). A high probability of resistance to NX, CIP, and TE
was observed, with higher probabilities in broiler farms, and spe-
cifically, independent broiler facilities.

Prevalence of ESBL-Positive Strains and Multidrug
Resistance
Understanding the prevalence of ESBL-positive bacteria is par-
ticularly relevant, given that infections caused by these organisms
are more difficult to treat in humans. Of 510 cloacal samples col-
lected for ESBL detection, 305 E. coli, 13 K. pneumoniae, 8
Escherichia fergusonii, 3 Proteus mirabilis, and 1 Escherichia
hermannii isolate were phenotypically confirmed as ESBL-
producing Enterobacteriaceae. Additionally, seven non-
Enterobacteriaceae gram-negative isolates were confirmed as
ESBL-positive: three Pseudomonas aeruginosa, two Bordetella
trematum, and two Acinetobacter spp., and are included in
our overall analysis, as they still indicate that a particular bird
carried ESBL-positive flora (Table S5). The prevalence of
ESBL-positive strains was significantly higher [OR=9:55,
confidence interval (CI): 6.14, 14.85, p<0:0001] in broiler
farms (87%) than layer farms (42%) (Figure 5A). There was
no statistically significant difference in the prevalence of
ESBL-positive strains (∼ 87%) between contracted and inde-
pendent broiler farms. Contracted layer farms had a higher
prevalence (49%) than independent layer farms (38%),
although the difference was not statistically significant.

Given that all isolates were tested against multiple antimicro-
bials, the prevalence of MDR E. coli strains was analyzed against
farming practices (Table S6). A higher prevalence of MDR E.
coli was detected on broiler farms (94%) as compared to layer
farms (60%) (Figure 5B). Isolates on independent broiler farms
were 15 times more likely (CI: 10.3, 21.9, p<0:001) to be multi-
drug resistant than those from an independent layer farm. The
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odds were significant yet lower in the case of contracted farming
facilities (OR=5:4, CI: 4.1, 7.0, p<0:001). Predicted probabil-
ities (Figure 5C) show that 90% of isolates were likely to be mod-
erately or extremely resistant in broiler farms, while contracted
layer farms had a lower probability (36%) of being moderately or
extremely resistant.

Impact of Antimicrobial Use for Growth Promotion on
Resistance Profiles
The prevalence patterns of antimicrobial resistance within certain
subgroups were analyzed to better understand the impact of farm-
ing practices on resistance. Prevalence percentages within farms
that reported using antimicrobials for growth promotion in poul-
try chickens were analyzed compared to farms that did not. Of
the 16 farms that elected to participate in the survey, 75%
reported using antimicrobials for growth promotion. Irrespective
of the type of farming operation, our results indicate increased re-
sistance prevalence in farms using AGPs. AGP use is correlated
with significantly increased odds of resistance for all antimicro-
bials except CTR and NIT. Within broiler farms that reported use
of AGPs, a significantly higher prevalence of resistance to CIP,
C, NIT, and COT was detected. Within layer farms, significantly
higher odds of resistance were observed for all antimicrobials
except C, NIT, CXM, and CTR (Table 1).

After accounting for farm type (broiler vs. layer), our results
indicate that reported AGP use had no significant association
with the prevalence of ESBL-positive strains (OR=0:55, CI:
0.01, 30.58, p=0:773). In contrast, isolates from farms reporting
AGP use were 2.92 times more likely (CI: 2.24, 3.81, p<0:001)
to be multidrug resistant than those from farms not reporting
AGP use. Moreover, in this analysis, the effect of farm type
on the odds of multidrug resistance was maintained as broiler

farms were still 6.17 times (CI: 4.80, 8.00, p<0:001) more
likely to harbor MDR strains compared to layer farms.

Sensitivity Analysis
We analyzed the impact of treating intermediate isolates as sus-
ceptible instead of resistant on the associations described earlier,
and we provide these results in the Supplemental Material
(Figure S1). We did not observe any significant changes in the
direction and statistical significance of associations between
farming practices and patterns of antimicrobial resistance.
However, in some cases (e.g., GEN, CXM, C), the associations
were stronger, indicating a higher prevalence of intermediate iso-
lates in layer farms.

We also conducted a sensitivity analysis to examine associa-
tions between farm size (number of birds) and the prevalence of
resistance among different types of farms (broilers and layers).
The median farm size in terms of number of birds was 15,000 in
broiler farms compared to 40,000 in layer farms. With an
increase in farm size by 10,000 birds, we observed that changes
in the odds of resistance to all antimicrobials were not statisti-
cally significant within broiler farms. In the case of layer farms,
we observed marginally lower odds of resistance to NX, CIP, and
NIT with increases in farm size. These results are summarized in
the Supplemental Materials (Figure S2).

Discussion
Research on antimicrobial use and resistance in food animal pro-
duction in India remains a relatively new field. However, research
is urgently needed given the projected large-scale increase in
poultry production and antimicrobial use in the poultry sector
(Brahmachari et al. 2013; Van Boeckel et al. 2015). Sarma et al.
(1981) isolated E. coli from healthy and diseased fowl in
Ludhiana, Punjab, India, and discovered that approximately 80%

Figure 2. Ternary diagrams showing differences in resistance prevalence between original and validation data for 395 isolates against 9 common antimicro-
bials. Prevalence in the original data is shown as solid triangles, and those in the validation data are shown as solid dots. Each point represents a three-compo-
nent vector showing the prevalence of susceptible, intermediate, and resistant isolates that sum to 100%. A point closer to a vertex (for instance, R) represents
a high prevalence of the "resistant" state, also indicated by the arrows along each edge.
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of isolates were resistant to chlortetracycline, tetracycline, oxytet-
racycline, and triple sulfas. Shivachandra et al. (2004) found
100% resistance to sulfadiazine and widespread resistance to ami-
kacin, carbenicillin, erythromycin, and penicillin in Pasteurella
multocida isolates from chickens and other birds from 11 sepa-
rate states in India. More recently, Dhanarani et al. (2009) found
extensive resistance to streptomycin (75%), erythromycin (57%),
tobramycin (54%), ampicillin (50%), rifampicin (46%), and kana-
mycin (40%) in Staphylococcus and other bacterial isolates from
poultry litter in Tamil Nadu, India.

Recent surveys suggest that 70–90% of Enterobacteriaceae in
India are ESBL producers and that colonization of humans with
such bacteria is widespread(Hawkey 2008; Kumarasamy et al.
2010; Mathai et al. 2002). However, researchers in India have
only recently begun to investigate ESBL-producing bacteria of
food animal origin. Kar et al. (2015) conducted the first system-
atic study on multidrug resistant ESBL-producing E. coli in food
producing animals from India in which 316 E. coli isolates were
collected from poultry and dairy cattle in Odisha with 18 (6%)
isolates confirmed as ESBL-positive by combination disc method
and ESBL E-test. A study in Hyderabad, India, isolated E. coli
from 150 food samples (vegetable salad, raw egg surface, raw
chicken, unpasteurized milk, and raw meat) and detected 6 (4%)
ESBL producers, two of which were isolated from raw chicken
samples (Rasheed et al. 2014). Another study in West Bengal,
India, of 360 healthy layers and their environment did not detect
ESBL production by PCR, but did record high levels of pheno-
typic resistance to several drugs: erythromycin (95.83%), chlor-
amphenicol (87.52%), and cotrimoxazole (78.%) (Samanta et al.
2014).

We found a high degree of antimicrobial resistance and ESBL
production in poultry facilities, which varied according to farm-
ing practices (i.e., farm and facility type). Moreover, we found a

high prevalence of E. coli resistant to antimicrobials, such as CIP
(fluoroquinolone), AMP (b-lactam), and tetracycline, which are
commonly used in clinical settings. Broiler farms, and especially
independent broiler farms, were associated with a higher preva-
lence of resistant E. coli strains than layer farms, corroborating
past research (van den Bogaard et al. 2002). Additionally, the
prevalence of ESBL-producing Entero-bacteriaceae was higher
for broiler farms (87%) than layer farms (42%), and for con-
tracted layer farms (49%) than independent layer farms (38%).
These results may indicate that independent layer farms are using
more drugs such as tetracyclines and fluoroquinolones, while
contracted layer and broiler farms are beginning to shift to more
recently developed drugs, such as third-generation cephalosporins,
accounting for the higher prevalence of ESBLs. Additionally,
higher odds of resistance among independent facilities may sug-
gest that contracted facilities are employing better hygiene prac-
tices and veterinary care, which seems reasonable, considering
these protocols and services are supplied by the contracting firm.
In contrast, independent farmers do not have a comparable support
system and could be misusing antimicrobials to a greater degree.
However, it is critical that future studies identify the specific farm-
ing practices that are driving increased prevalence of resistant
strains in order to mitigate the risk of spreading antimicrobial
resistance.

Most of the farms surveyed in this study were large (average
number of birds greater than 50,000), and all farms (that partici-
pated in the survey) reported using antimicrobials. Large flocks
in small, confined areas, a lack of proper sanitation measures, and
the unregulated application of broad-spectrum antimicrobials drive
the spread of resistance at the farm level. The questionnaire-based
surveys employed in this study revealed disturbing trends regard-
ing the indiscriminate use of antimicrobials; all poultry farms
included in this study used antimicrobials, and over half of them

Figure 3. Results from logistic regression modeling the risk of resistance prevalence against farm and facility type, with random intercepts for each farm. Left
panel presents the risk (in terms of odds ratios) of Escherichia coli resistance in broiler farms relative to layer farms, adjusted for facility type. Right panel
presents the same risk in independent facilities as compared to contracted facilities, adjusted for farm type. For all of these analyses, intermediate isolates are
treated as resistant. The x-axis represents odds ratios in a log scale. The horizontal lines represent 95% confidence intervals for the estimated odds ratios.
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used antimicrobials for growth promotion rather than solely for
disease prevention or treatment. Antimicrobials are often
employed when broilers are being transported or held prior to
slaughter to help them tolerate stress. Anecdotally, one farmer
noted that antimicrobials were more effective than hygiene or sani-
tation measures because labor on poultry farms is unskilled, mak-
ing it difficult to ensure that all hygiene procedures are followed.
A majority of the farmers surveyed reported being unaware of the
presence of AGPs premixed in chicken feed purchased from feed
mills. Given the size and reach of these poultry farms in the retail
market, the risk of exposure to resistant bacteria and antimicrobial
compounds to humans is a significant concern.

This study reports a high prevalence of ESBL-producing
Enterobacteriaceae in poultry farms (87% and 42% in broilers and
layers, respectively). These results corroborate similar studies in
broilerproduction facilities, but theprevalence reported here is sim-
ilar or higher (Dierikx et al. 2013b, 2013a; Kar et al. 2015; Laube
et al. 2013). ESBL-producing Enterobacteriaceae are highly resist-
ant to multiple drugs, can contribute to acquired resistance through
horizontal gene transfer across a wide range of bacterial species,
and are associated with longer hospital stays and negative clinical
outcomes in humans (Lautenbach et al. 2001; Marshall and Levy
2011; Rawat and Nair 2010; Silbergeld et al. 2008). Emerging re-
sistance to widely used antimicrobials, such as fluoroquinolones
and cephalosporins, reduces the efficacy of treating enteric, urinary
tract, and skin infections, resulting in prolonged and more serious
courses of illness. Enterobacteriaceae resistant to third-generation
cephalosporins as a result of cephalosporin overuse in poultry pro-
duction have been associated with increased human deaths in
Europe (Collignon et al. 2013). In the present study, the prevalence
of ESBL-producing E. coli and other Enterobacteriaceae was
higher in broiler facilities, where antimicrobials are more com-
monly administered for growth promotion and disease prevention.
This highlights the need to regulate the use of antimicrobials in

these intensive farming operations, especially since researchers
predict that this region will experience a major shift towards this
type of farming operation over the next 15 years (VanBoeckel et al.
2015).

Direct contact with livestock colonized with resistant bacteria
is the most documented route of resistance transmission from the
agricultural reservoir into human populations (Bergeron et al.
2012; Jakobsen et al. 2010a, 2010b; Marshall and Levy 2011;
Schmithausen et al. 2015; van den Bogaard et al. 2002; Zhang
et al. 2009). These high-risk individuals provide a conduit of
entry for resistant bacteria and resistance genes into the commu-
nity and hospitals, where further person-to-person transmission is
possible (Marshall and Levy 2011; Silbergeld et al. 2008). Of
particular concern in this study was the lack of sanitation meas-
ures to prevent the transfer of resistant bacteria from animals to
farm workers. Among survey respondents, 67% indicated they
take no precautions when entering poultry sheds (and farm work-
ers often do not wear closed-toe shoes); thus, the risk of coloniza-
tion of farm workers is likely much higher than in other countries
where strict disease control practices are implemented.

Despite extensive evidence linking the use of antimicrobials
in food animal production to resistance in human populations, lit-
tle has been done to address the problem in the majority of devel-
oping and developed countries worldwide. Recent publications
have highlighted the rise of antimicrobial resistance and the
emergence of new mechanisms of resistance in the Indian sub-
continent (Kumarasamy et al. 2010). Policy makers and research-
ers have focused their attention on the clinical overuse and
misuse of antimicrobials (to treat colds and other viral infections,
for example) as drivers of resistance emergence. Furthermore, a
recent review of the effectiveness of AGPs in food animal pro-
duction suggests that the effects of AGPs on improving produc-
tion and decreasing mortality in the poultry industry are minimal
and do not offset the costs of the AGPs themselves (Cogliani

Figure 4. Predicted probabilities of resistance (solid blue dots) and corresponding 95% confidence intervals (blue error-bars) against 10 antimicrobials [imipe-
nem (IPM) was not included, as no resistant isolates were detected], by farm and facility type, based on a logistic regression model with random intercepts for
farm. Each isolate is assumed to be either resistant or susceptible in this analysis.
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et al. 2011; Engster et al. 2002; Graham et al. 2007; Sneeringer
et al. 2015; Teillant et al. 2015). Moreover, it is possible to
reduce the prevalence of antimicrobial resistance by placing
restrictions on the use of antimicrobials in food animal produc-
tion without negative impacts on productivity, as evidenced by
the experience of both the poultry and pork industries in
Denmark (Aarestrup et al. 2001; Levy 2014).

Notwithstanding the growing body of evidence, India has no
regulatory provisions for the use of antimicrobials in cattle,
chicken, or pigs raised for domestic consumption (Ganguly et al.
2011; Van Boeckel et al. 2015). The only laws on antimicrobial
use in food animal production for domestic consumption man-
date withdrawal of antimicrobials before processing of food
animal products (Brahmachari et al. 2013). The lack of uniform
regulations by the various agencies involved in poultry farming
(and other food animal production industries) hinders enforce-
ment of the appropriate use of antimicrobials. Policy actions
should be implemented immediately in order to safeguard the
effectiveness of antimicrobials, since antimicrobial effective-
ness is a globally shared resource and responsibility (Ganguly
et al. 2011).

This study analyzes a large sample size of isolates for resist-
ance patterns and ESBL production, utilizing samples from farms
following a variety of different operational and managerial prac-
tices, but only covers 18 farms located in one particular region of
India. Future surveys of farms across multiple locations will be
needed to obtain estimates at the district, state, and national lev-
els. Furthermore, resistance prevalence at the farm level should
be tracked longitudinally over longer periods of time to account
for seasonality and to ascertain how resistance profiles are fluctu-
ating over time. Supply of, and demand for, poultry meat and the
economics of poultry farming are other critical factors that deter-
mine the proliferation of broiler farms and associated farming
practices. Augmenting this study with antimicrobial sales and
consumption data would help in formulating strategies to curb
the rise of resistance in this growing reservoir.

This study only examines the prevalence of resistance on farms
that reported using antimicrobials. Future studies should attempt to
include antimicrobial-free or organic farms in their sampling frame.
However, this may be difficult to accomplish in this region, as we
did not encounter any such farms. Additionally, this study relies on
survey data to create analytical variables used in our statistical
models; all variables used were selected for analysis based on their
likelihood of impacting resistance profiles and whether survey
responses were reliable across all farms. For instance, we were
unable to obtain detailed information on the types and amounts of
antimicrobials used for all farms, since some farmers were unaware
of this information or unwilling to report it. In light of these limita-
tions, our study primarily compares resistance profiles among differ-
ent farm (broiler vs. layer) and facility (independent vs. contracted)
types instead of investigating specific practices influencing resist-
ance development. Future studies should augment this survey data
with observational periods on farms to better understand specific
managerial and antimicrobial use practices.

Finally, given the high rates of background resistance in both
human populations and the environment in India, this study can-
not definitively link increased farm use of antimicrobials to
increased resistance. A more detailed genetic investigation of the
isolates to identify specific resistance genes could shed light on
the mechanisms of resistance propagation within and among
high-risk farms. Moreover, genetic analysis also would enable
tracking of resistance genes in poultry birds to farmers and
laborers in order to better quantify the risk of transmission from
animals to humans, as well as help us understand the sources of
resistance (e.g., humans, animals, environment, etc.).

Figure 5. (A) Distribution of ESBL-producing status of the 510 cloacal
samples, disaggregated by farm and facility type. ESBL status was tested
for all Enterobacteriaceae isolated, including seven non-Enterobacteriaceae,
gram-negative isolates. The figure shows proportions and associated 95%
confidence intervals of ESBL-positive strains within each group. (B)
Distribution of 1,556 multidrug-resistant Escherichia coli isolates by farm
type and facility type. The vertical axis shows the number of antimicrobials
(maximum 10) to which an isolate was resistant. The horizontal lines within
the boxes indicate the median number of antibiotics to which an isolate was
resistant, while the length of the box represents the interquartile range
(IQR). The lower and upper limits of the whiskers represent Q1− 1:5 IQR
and Q3+1:5 IQR, where Q1 and Q3 are the first and third quartiles, respec-
tively. (C) Predicted probabilities and associated 95% confidence intervals
for multidrug resistance according to a proportional odds logistic regression
of categories of multidrug resistance against farm and facility type.
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Conclusion
This study presents evidence that antimicrobial resistance in E.
coli and other pathogenic bacteria is correlated with particular
farming practices. In particular, the results of this study revealed
that broiler farms were associated with a higher prevalence of re-
sistance, including ESBL-producing Enterobacteriaceae and
multidrug resistance, than layer farms. Moreover, our findings
suggest that antimicrobial use for growth promotion promoted
the development of reservoirs of highly resistant bacteria on the
studied farms, with potentially serious implications for human
health. The prevalence of resistance to multiple antimicrobials
was higher in both broiler and layer farms that used antimicro-
bials for growth promotion. ESBL-positive and multidrug-
resistant strains are equipped with an arsenal of mechanisms
that enable them to survive against last-resort treatments in
human clinical settings. Furthermore, these highly resistant
strains contribute to acquired resistance through horizontal gene
transfer of resistance determinants to other microbial strains and
species (including commensal microbes) further propagating
antimicrobial resistance across various reservoirs of resistance,
a threat that is both real and imminent (Marshall and Levy
2011; Silbergeld et al. 2008).

Until recently, resistance to polymyxin (a drug of last
resort when other modern antimicrobials are ineffective) had
only been reported to evolve via chromosomal mutations. A
recent study of commensal E. coli in Chinese food animal pro-
duction has identified a plasmid-mediated polymyxin resist-
ance mechanism, MCR-1, in Enterobacteriaceae that has
spread from animals to humans (detected in 1% of inpatients
with infection) (Liu et al. 2015). Although we did not test for
MCR-1 in this study, the emergence of such a highly mobile
resistance determinant to such an important class of antimicro-
bials, with risk of global dissemination similar to NDM-1
(New Delhi metallo-b-lactamase), further emphasizes the need
to regulate and curb antimicrobial overuse in food animal pro-
duction (Liu et al. 2015). We conclude that withdrawal of non-
therapeutic use of agricultural antimicrobials in India would
be prudent to protect public health.
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